Abstract. Denervated-dependent skeletal muscle atrophy (DSMA) is a disorder caused by the peripheral neuro-disconnection of skeletal muscle. The current study aimed to investigate the molecular mechanism and potential therapeutic strategies for the DSMA. A DSMA rat model was established. A lentiviral vector expressing small interfering RNA (siRNA) targeting angiopoietin-like protein 4 (ANGPTL4) was generated and injected into the rats that were also treated with Buyang Huanwu Tang (BYHWT). Reverse transcription-quantitative polymerase chain reaction was performed to examine ANGPTL4 mRNA expression in anterior cervical muscle samples. Western blot assay was used to evaluate ANGPTL4, nuclear factor-κB (NF-κB) and muscle RING-finger protein-1 (MURF1) expression. The ultrastructure of muscle tissues was viewed using transmission electron microscopy. The cell apoptosis in muscle tissues was detected using the terminal deoxynucleotidyl transferase dUTP nick end labeling. The results indicated that BYHWT treatment increased ANGPTL4 mRNA and protein levels in muscle tissues. The suppression of ANGPTL4 using siRNA significantly increased inflammatory cells compared with the control siRNA group. BYHWT protected the ultrastructure muscle tissues and inhibited cell apoptosis in the DSMA model. The protective effect of BYHWT protected may be mediated by increased expression of NF-κB p65 and MURF1. In conclusion, BYHWT may improve denervation-dependent muscle atrophy by increasing ANGPTL4 expression, involving NF-κB and MURF1 signaling.
Introduction
Denervated-dependent skeletal muscle atrophy (DSMA) is a disorder caused by the peripheral neuro-disconnection of skeletal muscle (1, 2) . The skeletal muscle atrophy (SMA) is triggered by pharmacological drug treatment, certain diseases (including cancer, end stage pulmonary disorders and heart failure) (3) and traumatic peripheral nerve injury, all of which can lead to the immediate loss or damage of the voluntary contractile function of the skeletal muscle (4) . The muscle denervation mainly occurs following several clinical syndromes, including degenerative disc disorder, diabetic neuropathy, alcoholic neuropathy, trauma, spinal muscular atrophy, viral infection and amyotrophic lateral sclerosis (2, 5) . Thus, when the above pathogenic factors that cause SMA and the muscle denervation are combined, the DSMA occurs, and ultimately results in irreversible muscle dysfunction (6, 7) . Although DSMA has become prevalent in recent years, the molecular mechanism is elusive and there is no complete therapeutic strategy, which prevents the development of the pharmacological therapies for used in the clinic.
Recently, a study reported that angiopoietin-like protein 4 (ANGPTL4) is secreted by the human forearm muscle after eating a meal high in saturated fatty acids (8) . ANGPTL4 is also thought to be important mediators of muscle atrophy, and to have an important role in muscle and wound repair (9) . However, whether ANGPTL4 has a key role in DSMA and the mechanism by which denervation causes ANGPTL4 changes have not been fully investigated.
Buyang Huanwu Tang (BYHWT) has been used for treating hemiplegia, and is composed of Radix astragali, Semen Persicae, Carthami flos, Radix Paeoniae Rubra, Rhizoma Chuanxiong, Radix Angelicae Sinensis and Pheretima (10) . The BYHWT has been demonstrated to improve the blood circulation, inhibit fibroblast proliferation and decrease liquefaction and wallerian degeneration, as well as enhance nerve cell growth (11) . Therefore, it is speculated that the BYHWT may participate in the pathogenesis of DSMA.
The current study aimed to investigate the role of BYHWT in the development of DSMA and the mechanism that underlines the ANGPTL4 changes in a DSMA model. Pharmacological Staff Room, School of Pharmacy, Nanjing University of Traditional Chinese Medicine, Nanjing, Jiangsu 210023, P.R. China ANGPTL-4-targeting siRNA was generated and used in an established DSMA rat model to determine the role and mechanism ANGPTL4 in the pathogenesis of DSMA. The findings demonstrated that ANGPTL4 has an important role in DSMA via triggering of nuclear factor-κB (NF-κB) and muscle RING-finger protein-1 (MURF1) pathways.
Materials and methods
Reagents and materials. Male Sprague-Dawley (SD) rats (body weight, 230-250 g; 8-10 weeks old) were purchased from Beijing HFK Bioscience Co., Ltd., (Beijing, China). The rats were housed in the specific cages received free access to the water and food, and at a constant temperature. All of the experiments were performed according to the Guidelines of the Institutional Animal Care and approved by the Ethics Committee of the Nanjing University of Traditional Chinese Medicine (Nanjing, China).
The components of BYHWT, including Astragalus (480 g), Tangkuei tail (24 g), Paeoniae (20 g), Pheretima (12 g), Rhizoma Chuanxiong (12 g), Flos Carthami Tinctorii (12 g) and peach seeds (12 g), were purchased from Beijing Tong Ren Tang Co., Ltd. (Beijing China). The above Chinese medicine components were mixed together and obtained by boiling to a final volume of 1,500 ml (supplementing with the distilled water), which was assigned as the BYHWT stock solution for the subsequent experiments. The chemical reagents, including K 2 HPO 4 , K 3 PO 4 and MgCl 2 , were purchased from Kelong Co., Ltd. (Chengdu, China).
Establishment of DSMA rat model. SD rats (n=8) were used to establish the DSMA model. Meanwhile, the other eight rats were selected as the sham operation group (Sham group). The rats were fixed in the prone position during the surgical process and then the rats were anesthetized by injecting intraperitoneally with 7% chloral hydrate at the concentration of 0.5 ml/100 g. The surgery was conducted only on the left side of lower limb by cutting at the dorsolateral skin incision. Then, between the gluteus muscle and the biceps femoris, the common peroneal nerve was exposed, which was also separated and extracted from the connective tissues in the surrounding area, and exposing ~1.5 cm of common peroneal nerve. The two ends of the common peroneal nerve were turned by ~180˚. In order to prevent the reconnection between the nerves, the nerves were sewn on the muscle membranes by using a 9-0 non-destructive wound suture (nylon). The DSMA model has been successfully established according to previously published studies (3, 4, 6) . For the sham group, the left sciatic nerves were only mildly exposed and separated from the surrounding tissues, and were not sewn by the 9-0 non-destructive wound suture.
Lentiviral vectors expressing ANGPTL4-siRNA. The high titer lentiviral vectors, which deliver the ANGPTL4-specific small interfering RNA (siRNA) and control siRNA were generated according to the previous published reports (12, 13) . The following siRNA sequences targeting the ANGPTL-4 was designed and assigned as ANGPTL4-siRNA: Sense, 5'-AAA GCT GCA AGA TGA CCT CAG ATG GAG GCT G-3'; and anti-sense, 5'-AAA AGG CTT AAG AAG GGA ATC TTC TGG AAG AC-3'. The following control siRNA sequences was also designed and assigned as CON-siRNA: Sense, 5'-AAA GCT GTC TTC AAG ATT GAT ATC GAA GAC TA-5'; and anti-sense, 5'-AAA ATA GTC TTC GAT ATC AAG CTT GAA GAC A-3' . Then, the ANGPTL4-siRNA and CON-siRNA were cloned into the lentiviral vectors to synthesize the ANGPTL-4 siRNA lentiviral vector, which was used to infect the DSMA rat models.
Trial grouping and treatment. In this study, the DSMA rat models were divided into three groups, including DSMA + saline, assigned as model group, DSMA + CON-siRNA lentiviral vector [tail vein injection with 100 µl (100 multiplicity of infection) at 14th day] + BYHWT (twice diluted BYHWT stock solution, 2 ml every day per os), assigned as Con-siRNA group, and DSMA + ANGPTL4-siRNA lentiviral vector (tail vein injection with 100 µl at 14th day) + BYHWT (twice diluted BYHWT stock solution, 2 ml every day), assigned as ANGPTL4-siRNA group.
The BYHWT was also divided into three groups, including high-dose BYHWT group (BYHWT-high, BYHWT stock solution diluted 2X), moderate-dose BYHWT group (BYHWT-moderate, BYHWT stock solution diluted 4X) and low-dose BYHWT group (BYHWT-low, BYHWT stock solution diluted 8X).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) gene expression assay.
Total RNA was extracted from the anterior cervical muscle samples using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Briefly, the sciatic nerves were lysed by using 1 ml TRIzol. Subsequently, the RNAs were extracted by using 200 µl chloroform (Western Biotech. Co., Ltd., Chongqing, China), and the supernatant was stored for the further experiments. Then, the RNAs were precipitated by using isopropanol (1 ml), followed with washing in 70% ethanol (1 ml, twice). Finally, the RNA precipitations were diluted in the diethylpyrocarbonate-treated water. The cDNA was synthesized by using the RT method in a 10 µl system including oligo dT, total RNA, RT buffer (5X), random primer mix, RNase inhibitor, RT enzyme mix (Beyotime Institute of Biotechnology, Shanghai, China) and ddH 2 O. The RT-qPCR process was performed at 37˚C for 10 min, followed by 95˚C for 5 min. Amplification of ANGPTL4 was performed by using the synthesized cDNA as the template. The primers for ANGPTL4 (129 bp) were as follows: Forward, 5'-AGA AGT TGG AGA TGC AGA GGG AC-3' and reverse, 5'-CCA CAA GAG CAC CAT TGA GTG TAT-3'. The primers for the internal control β-actin (150 bp) were as follows: Forward, 5'-CCC ATC TAT GAG GGT TAC GC-3' and reverse, 5'-TTT AAT GTC ACG CAC GAT TTC-3'. The total volume of the PCR system was a 10 µl reaction, which included forward primer (1 µl), reverse primer (1 µl), 2X SYBR-Green Mixture (4.5 µl; Invitrogen; Thermo Fisher Scientific, Inc.), cDNA (1 µl), and ddH 2 O (2.5 µl). The PCR conditions were as follows: 95˚C for 10 sec, 55˚C for 40 sec and 75˚C for 30 sec. The RT-qPCR was performed on the FTC2000 fluorescent qPCR cycler for 40 cycles. Finally, the amplified products were loaded onto 1.5% agarose gels, and the images were analyzed by using the Quantity One image analysis software (version 4.6.5; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The relative mRNA expression of targeting genes was normalized to the β-actin gene by using the comparative threshold cycle (2 -ΔΔCq ) method (6) .
Western blotting. The anterior cervical muscle samples were lysed by using the radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), and centrifuged at 12,000 x g for 30 min. Then, the supernatant (50 µg), the protein concentration was quantified by using the bicinchoninic assay method according to the manufacturer's protocol (Beyotime Institute of Biotechnology) were separated by using 10% SDS-PAGE, and then were transferred on to a polyvinylidene fluoride membrane (Dupont, Wilmington, DE, USA) by using the Trans-Blot SD cell instrument (Bio-Rad Laboratories, Inc.). The membrane was blocked by using 5% non-fat milk at room temperature for 2 h, followed by incubation with the rabbit anti-rat ANGPTL4 polyclonal antibody (1:2,000; cat. no. AF3485; R&D Systems, Inc., Minneapolis, MN, USA), rabbit anti-rat NF-κB p65 polyclonal antibody (1:1,000; cat. no. MAB50781; R&D Systems, Inc.), mouse anti-rat MURF1 monoclonal antibody (1:3,000; cat. no. AF5366; R&D Systems, Inc.) and the rabbit anti-rat actin (internal control, cat. no. MAB1420; R&D Systems, Inc.) polyclonal antibody at 4˚C overnight. The membranes were washed by using the PBS Tween-20 (PBST) buffer three times for 5 min. The membranes were incubated with the horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (1:1,000; cat. no. AQ132P; Sigma-Aldrich; Merck KGaA) and HRP-labeled goat anti-mouse IgG (1:1,000; cat. no. AP308P; Sigma-Aldrich; Merck KGaA) for 60 min at 37˚C, and washed with PBST buffer three times for 5 min. Finally, the enhanced chemiluminescence reagent (Pierce; Thermo Fisher Scientific, Inc.) was used to treat the membrane for 2 min in the dark. The relative grey density of the bands were analyzed by using the Labworks Analysis Software (version 4.5; UVP, Inc., Upland, CA, USA; www.uvp.com).
Transmission electron microscopy (TEM).
Anterior cervical muscles tissues were fixed in 10% neutral buffered formalin for 15 min at 37˚C and minced into the pieces of 1 mm 3 . Then, the pieces were immersed in 2.5% glutaraldehyde for 2 h at 37˚C (dissolved into the 0.1 M PBS, and adjusted to pH 7.4). The formalin-fixed tissues were embedded in paraffin and mounted on glass slides. Then, the tissues were stained with 0.5% periodic acid-Schiff reagent for 15 min at 37˚C, following the diastase treatment. The status of the coverslips was examined using a light microscope. The muscle tissues incubated in glutaraldehyde were rinsed thoroughly with PBS. The muscle tissues were continuously post-fixed in 2% OsO 4 at room temperature for 2 h, and dehydrated and embedded Embed 812. The muscle tissues were embedded and polymerized overnight at 60˚C in the flat embedding molds. The areas of interest were selected using 0.5% toluidine blue-stained sections (0.5 µm) at room temperature for 15 min. Then, ultrathin sections (0.1-µm) were cut and mounted on the grids, and then stained using 2% uranyl acetate for 10 min at 37˚C. Finally, the sections were examined by using a Tecnal-10 TEM (Philips Medical Systems B.V., Eindhoven, The Netherlands).
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. In order to observe the possible DNA fragmentation in the anterior cervical muscle tissues, TUNEL was performed by using a TUNEL kit (Roche Diagnostics, Indianapolis, IN, USA) in the present study. In brief, the isolated anterior cervical muscle tissues were fixed with 4% paraformaldehyde for 10 min at room temperature in NaH 2 PO 4 (0.1 M, adjusted to pH 7.4). Endogenous peroxidase activity in the anterior cervical muscle tissues were inactivated using 3% H 2 O 2 for 10 min at room temperature. The tissues were incubated with biotin-dUTP solution and incubated with the terminal deoxynucleotidyl transferase (20 U/µl) at 37˚C for 1 h. After the tissues were treated using the end-horseradish peroxidase, the anterior cervical muscle tissues were stained with the diaminobenzidine (final concentration of 0.05%, at room temperature for 10 min) and counterstained with the ethyl green (room temperature for 10 min) to detect the stained and biotin-labeled cell nuclei. The apoptotic bodies stained brown and the cell nuclei were observed, and counted under the light microscope. For the quantitative analysis, the apoptosis index was evaluated as the percentage of apoptotic cells. The positively-stained nuclei were counted by at least three investigators and in at least three different fields.
Hematoxylin and eosin (H&E) staining assay.
Anterior cervical muscles tissues were fixed with the 4% paraformaldehyde at room temperature for 24 h. Then, the tissues were embedded in paraffin, and sectioned into 4-µm thick sections. The paraffin was removed using the regular method (6) , and the sections were use for the H&E staining as previously described (6) . The images were captured by the inverted fluorescence microscope (Olympus Corporation, Tokyo, Japan), and were analyzed by employing the Medical Image Analysis system (cat. no. HMIAS22000; Qianping Image Engineering Company, Tongji Medical University, Wuhan, China). The percentage of inflammatory cells was calculated as follows: (The number of inflammatory cells/the total number of cells) x100 (%). The inflammatory cells were stained with the blue and the normal cells were without staining.
Statistical analysis. All data were analyzed by with the SPSS software 20.0 (IBM Corp., Armonk, NY, USA). The data are presented as the mean ± standard deviation obtained from at least three independent experiments. The Student's t-test was performed to evaluate the statistical significance between the two groups, and the ANOVA test was performed to assess statistical significance among the multiple groups. P<0.05 was considered to indicate a statistically significant difference.
Results
BYHWT treatment increases ANGPTL4 mRNA levels. In order to confirm the successful transfection of the ANGPTL-4 siRNA lentiviral vector to the rats, the ANGPTL4 mRNA and protein levels were observed by using RT-PCR and western blotting (Fig. 1) . ANGPTL4 mRNA and protein levels in the ANGPTL4-siRNA group were significantly lower than the Con-siRNA group (P<0.05; Fig. 1 ), which suggests that the ANGPTL4 siRNA lentiviral vector was efficiently transfected and expressed. Additionally, the ANGPTL4 levels in the Con-siRNA group were also significantly higher compared with the model group (P<0.05; Fig. 1 ), which suggests that BYHWT significantly increased the levels of ANGPTL4. In the pre-experiment, the data of Sham rats compared with the normal rats were examined. The results demonstrated that there were no differences between the Sham rats and the normal rats (data not shown).
H&E staining. According to the H&E staining results (Fig. 2) , there were many inflammatory cells in the model group ( Fig. 2A) , and BYHWT significantly decreased the levels of inflammatory cells compared with the model group (P<0.05; Fig. 2B) . Additionally, the suppression ANGPTL4 significantly increased the number of inflammatory cells compared with the Con-siRNA group (P<0.05; Fig. 2C and D) .
BYHWT protects the ultrastructure of muscle tissues. In the current study, TEM was performed to analyze the ultrastructure of the muscle tissues. The TEM findings demonstrated that the ultrastructure of muscle was seriously damaged in the model group (Fig. 3A) . However, the BYHWT treatment (Con-siRNA group) observably improved the ultrastructure of muscle, including the muscle fibers being more ordered with fewer spaces between the fibers (Fig. 3B) . Furthermore, the inhibition of ANGPTL4 (ANGPTL4-siRNA group) suppressed the effects of BYHWT on the ultrastructure of muscle tissues (Fig. 3C) , which suggests that the ANGPTL-4 may participate in the repair of the muscle tissues.
BYHWT inhibits cell apoptosis in DSMA model. According to the TEM findings, the ultrastructure of muscle tissues was damaged in the DSMA model, therefore, the muscle tissues may be experiencing apoptosis. In the present study, the TUNEL assay was performed to investigate the apoptosis of the muscle tissue cells. The results indicated that there was obvious TUNEL staining in the model group compared with the normal control group (P<0.01; Fig. 4A and B) . Additionally, the number of TUNEL-positive cells were also significantly decreased in the BYHWT-treated groups in a dose-dependent manner (from high to low; P<0.05; Fig. 4C-F) .
BYHWT reduces NF-κB p65 and MURF1 expression in a DSMA model. In order to investigate the mechanism of the BYHWT-activated protective effects, the inflammatory signaling pathway factor, NF-κB p65, and the SMA-associated factor, MURF1, were detected by using the western blot assay. The results indicated that the establishment of the DSMA model increased the expression of NF-κB p65 and MURF1 compared with the normal rats (P<0.05; Fig. 5 ). Furthermore, BYHWT treatment significantly decreased the levels of NF-κB p65 and MURF1 compared to the model group (P<0.05; Fig. 5) . Furthermore, the change in of NF-κB p65 and MURF1 induced by BYHWT was dose-dependent.
Discussion
In the present study, it was demonstrated that ANGPTL4 expression is involved in the therapeutic effect of BYHWT in a DSMA model. BYHWT could improve the blood circulation, inhibit fibroblast proliferation and decrease liquefaction and Wallerian degeneration, as well as enhance the nerve cells growth according to the previously published studies (11, 14, 15) . ANGPTL4 is best known for its postprandial function in skeletal muscle lipid metabolism following a meal high in saturated fatty acids (8). Staiger et al (16) reported that the muscle-derived ANGPTL4 was induced by fatty acids viaperoxisome proliferator activated receptor-γ in humans. Stapleton et al (17) also reported that ANGPTL4 is expressed in human airway smooth muscle cells.
The current study investigated the expression of ANGPTL4 in muscle tissues, and evaluated the hypothesis that DSMA may mediate the depletion of ANGPTL4, and ANGPTL4 may have a protective role against DSMA. Indeed, the findings suggest that ANGPTL4 mRNA and protein were significantly increased in BYHWT-treated DSMA model rats, which suggests that the BYHWT significantly increased the levels of ANGPTL4 levels.
In order to confirm the role of NF-κB in the therapeutic effects of BYHWT, H&E staining and TEM analysis were performed on samples of the anterior cervical muscle. Previous studies (18) (19) (20) demonstrated that there was obvious inflammation and serious ultrastructure changes in the muscle of the DSMA model. The present results indicated that the model group muscle exhibited serious inflammatory cell infiltration; however, the BYHWT treatment (Con-siRNA group) significantly decreased the inflammatory cell infiltration. Furthermore, when ANGPTL4 expression was suppressed using ANGPTL4-siRNA viral vector, the inflammatory cell infiltration was aggravated, and ultrastructural damaged was observed. These results also suggest that the BYHWT increases the expression of ANGPTL4, which may be critical for the improvement of the inflammation and ultrastructure, and ultimately improve the denervation-induced muscle atrophy.
In addition to the inflammation and ultrastructure changes, cell apoptosis may also participate in the processes of DSMA. Therefore, cell apoptosis of muscle cells was determined using a TUNEL assay. The result indicated that there was an increase in TUNEL-stained cells in the model group compared with the, normal control group, and the number of TUNEL-positive cells as significantly decreased in BYHWT treated groups, which suggest that BYHWT inhibits the apoptosis of muscle cells. These results are consistent with the previously published studies (21, 22) .
In order to clarify the mechanism of the DSMA-associated cell apoptosis and the therapeutic effects of BYHWT, the inflammation-associated factor, NF-κB p65, and the atrophying skeletal muscle-associated factor, MURF1, were detected by western blot assay. Bodine et al (23) reported that MURF1 was induced in atrophying skeletal muscle, and exhibits reduced DSMA. Additionally, a previous study (20) demonstrated that the NF-κB signaling pathway regulates MURF1 expression when undergoing apoptotic assaults. The results of the current study demonstrated that the NF-κB p65 and MURF1 expression were increased in the DSMA model, and were inhibited by treatment with BYHWT. Consistent with the previous studies (24) (25) (26) (27) , these results suggest that BYHWT may mediate its effects on the denervation-induced muscle atrophy by regulating MURF1 protein expression, induced via changes in the NF-κB signaling pathway.
Although the results of the current study are of interest, there are also certain limitations in this study. The ANGPTL4-siRNA did not produce an efficient to knockdown of ANPGTL4 expression. In future studies, a successful ANGPTL4 gene knockdown or gene knockout animal model should be established to investigate further.
In conclusion, BYHWT improves DSMA, potentially by increasing ANGPTL4 expression, involving NF-κB signaling and MURF1.
